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Abstract - The transition from adolescence to adulthood is a critical stage
in the human lifespan during which the brain still undergoes substantial
structural and functional change. The changing frequency composition of
the resting state EEG reflects maturation of brain function. This study in-
vestigated (post)adolescent brain maturation captured by two independently
but simultaneously recorded neuronal signals: EEG and fMRI. Data were
collected in a 20 min eyes-open/eyes-closed resting state paradigm. EEG,
fMRI-BOLD signal and EEG–BOLD correlations were compared between
groups of adults, age 25 (n = 18), and adolescents, age 15 (n = 18). A
typical developmental decrease of low-frequency EEG power was observed
even at this late stage of brain maturation. Frequency and condition spe-
cific EEG–fMRI correlations proved robust for multiple brain regions. How-
ever, no consistent change in the EEG–BOLD correlations was identified
that would correspond to the neuronal maturation captured by the EEG.
This result indicates that the EEG–BOLD correlation measures a distinct
aspect of neurophysiological activity that presumably matures earlier, since
it is less sensitive to late maturation than the neuronal activity captured by
low-frequency EEG.
Introduction
Adolescence and the transition into adulthood are critical stages in the human lifespan.
The typical emergence of some major mental illnesses during adolescence further indicates
fundamental maturational reorganization (Paus et al., 2008) and stresses the importance
of understanding late brain maturation. Since the major developmental changes occur
during infancy and childhood, specific research on late maturation has often been neglected.
However, late maturation, during and after adolescence has attracted increasing attention
in recent years (Blakemore and Choudhury, 2006; Sisk and Foster, 2004). A growing
body of evidence suggests that there are still substantial structural (Paus, 2005) and
functional (Luna et al., 2010) changes in the brain during this time. Gray matter loss and
white matter increase in adolescence were found to be consistent with the basic processes
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of neuronal maturation, i.e. synaptic pruning and myelination (Giedd et al., 1999;
Gogtay et al., 2004; Sowell et al., 2001). Apart from these structural aspects, executive
functioning commonly associated with changes in the prefrontal cortex undergoes late
brain maturation (Luna et al., 2010; Stevens, 2009). Recent brain imaging research
has also investigated brain function at rest (where no stimulus or task is involved)
to identify resting state networks (RSNs) of functional connectivity (Beckmann et al.,
2005; Damoiseaux et al., 2006; van den Heuvel and Hulshoff Pol, 2010). In terms of
the development of functional connectivity, basic principles such as successive neural
segregation and hierarchical organization have been described (Fair et al., 2007; Stevens,
2009).
Converging evidence for late brain maturation comes from electroencephalogram
(EEG) research. The EEG noninvasively measures electrical mass activity of neurons.
An advantage over other functional methods such as fMRI is that the EEG measures
neuronal activity directly and in absolute terms, i.e. in physical units (microvolts, µV).
Consequently EEG research has focused on resting state brain functioning since its
discovery (Berger, 1929 ) long before the advent of fMRI. The resting EEG is typically
characterized by oscillations of different amplitudes and frequencies. One of the major
findings since the beginning of resting EEG research is that children’s EEG is dominated
by slower rhythms which diminish with further brain maturation (Boord et al., 2007;
Clarke et al., 2001; Dustman et al., 1999; Gasser et al., 1988; Gibbs and Knott, 1949;
John et al., 1980; Matousek and Petersen, 1973; Wackermann and Matousek, 1998).
This effect also extends to sleep (Campbell and Feinberg, 2009; Feinberg and Campbell,
2010), and has been suspected to mirror the development of higher cognitive functions
(Case, 1992; Thatcher, 1994), and deviations from normal oscillatory patterns has been
associated with lagged or abnormal brain maturation (John et al., 1980). That these
developmental amplitude reductions are frequency specific, and are also found with
magnetoencephalography (MEG) which is insensitive to changes in physical properties
such as bone conductivity (Puligheddu et al., 2005; Takeshita et al., 2002), corroborates
their neurodevelopmental nature. Again, very few studies specifically focused on late
maturational changes (Whitford et al., 2007) although many studies investigated (or
included) EEG changes during childhood, when most dramatic changes occur. Typically,
linear or curvilinear regression analyses are used to assess developmental effects from
childhood to adulthood. Overall age-related changes are well captured using such models
but the drawback is a lack of sensitivity to changes during specific, short periods. In
particular, (post-)adolescent changes are rarely treated as a maturational step of its
own and thus tend to be obscured by stronger developmental effects in childhood. For
example, several scientists (Boord et al., 2007; Gasser et al., 1988; Whitford et al., 2007)
found low-frequency EEG amplitude reduction associated with late maturation, but the
curvilinear developmental regression effects appear to be driven mainly by the younger
subjects. The specific contribution of the presumably more subtle changes due to late
maturation remains unclear unless studied in a smaller age range confined to the specific
(post-)adolescent transition from adolescence to adulthood using regression or age group
contrasts. Whitford et al. suggested gray matter loss or synaptic pruning as a candidate
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to explain developmental EEG amplitude reduction (Whitford et al., 2007). Despite
these structural changes that parallel the changes in EEG, the question remains whether
there are also functional changes related to the EEG amplitude reduction with increasing
age.
In recent years, simultaneous EEG and fMRI has allowed to link electrophysiological
scalp-recorded activity more directly to cortical and subcortical regions. The exact
physiological relationship between EEG amplitudes and the fMRI blood oxygen-level
dependency (BOLD) signal remains unclear (Laufs, 2008). However, the two signals co-
vary during rest in terms of their temporal fluctuation (following appropriate convolution
to account for the lag and the lower frequency range of the BOLD signal), indicating
that they are functionally coupled. Accordingly, the term coupling as used here does
not describe the physiological mechanism underlying their coupling, but the correlation
reflecting the statistical similarity between their (convolved) time courses. Research
groups have repeatedly verified a thalamocortical circuit associated with alpha (8 - 13
Hz) oscillations (de Munck et al., 2007; Difrancesco et al., 2008; Feige et al., 2005;
Goldman et al., 2002; Goncalves et al., 2006; Moosmann et al., 2003; Tyvaert et al., 2008).
Furthermore, Scheeringa and colleagues found the so-called default mode network (Raichle
et al., 2001; Raichle and Snyder, 2007) to be (inversely) correlated with frontal midline
theta power (Scheeringa et al., 2008). Other authors found that different EEG rhythms
reflect different functional networks (Laufs et al., 2006; Laufs et al., 2003b; Mantini et al.,
2007). A consistent finding of concurrent EEG–fMRI studies is that at least for the lower
frequencies, EEG power is inversely related to the BOLD signal, indicating that these
EEG signals become stronger with decreased neuronal activity in associated brain regions.
To our knowledge, research on resting state using simultaneous EEG–fMRI has so far
been limited to healthy adults. The coupling of EEG rhythms to the BOLD signal has
not been studied in developmental or clinical settings. Furthermore, little is known about
the coupling during eyes-open resting state. Although eyes-open/eyes-closed protocols
were used in prior EEG–fMRI resting state studies (Ben-Simon et al., 2008; Feige et
al., 2005; Henning et al., 2006; Yang et al., 2009) (mainly to induce alpha modulation),
none of these studies analyzed the eyes-open condition separately except for the work
by Scheeringa et al. (Scheeringa et al., 2008) addressing eyes-open-theta coupling. Also,
most of the previous studies exploring the EEG–BOLD coupling during rest were limited
to specific components of the EEG such as eyes-closed occipital alpha or eyes-open frontal
midline theta power, using selected electrode sites or ICA components. A comprehensive
study of resting state EEG–BOLD coupling covering the common spectral frequency
bands and resting states has not yet been performed. Such a study is important, because
the profile formed by different EEG rhythms is characteristic of different brain states
and brain functions, and because eyes-open and eyes-closed states differ substantially
in levels of arousal and EEG (Barry et al., 2007; Berger, 1929 ; Bianciardi et al., 2009;
Marx et al., 2004; Marx et al., 2003) as well as in fMRI (Bianciardi et al., 2009; Marx et
al., 2004; Marx et al., 2003).
The aim of this study was to investigate late maturation of the brain’s resting state
using simultaneous EEG–fMRI. In particular, we asked whether changes in EEG–BOLD
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coupling parallel developmental EEG amplitude decreases. To investigate this question we
compare EEG, fMRI and EEG–BOLD coupling differences between adults and adolescents.
According to the literature we expected that adolescents have stronger EEG activity,
especially in lower frequencies, although at this age the effect was expected to be subtle.
We hypothesized that such increased EEG activity would reflect a distinct immature
resting state network, and show coupling to different brain regions, or differ in coupling
strength, rather than a constant coupling as expected for simple amplitude scaling of
the EEG- or BOLD time series. Although differences were mostly expected in lower
frequency bands, we included faster oscillations for comparison. Both eyes-open and
eyes-closed conditions were included to provide a comprehensive picture of EEG–BOLD
coupling and its late development during common resting states.
Methods
Patricipants
Two sex matched groups participated in this study. The 18 adults (mean age 24.9 ±
3.8 years, 8 males) were recruited by university billboard ads and 18 adolescents (mean
age 15.4 ± 1.1 years, 8 males) were recruited in school classes by approaching their
teachers. All participants met the MRI safety standards, were healthy with no history
of medical or psychiatric disease, and had normal or corrected to normal vision. All
were right-hand dominant as assessed by the Edinburgh Handedness Inventory (Old-
field, 1971). All participants, as well as the children’s parents, gave written informed
consent prior to the investigation. The study was approved by the local ethics commit-
tee and was conducted in accordance with the guidelines determined in the Helsinki
Declaration.
Procedure
After EEG preparation, participants were introduced to the nature of EEG signals and
artifacts produced by movement and muscle tension. EEG and fMRI was recorded
simultaneously in two 10 min resting state sessions with a 16 min working memory test
(not reported here) in between. Each session consisted of alternating eyes-open (EO)
and eyes-closed (EC) blocks of 2.5 min duration. One session started with eyes-open
(EO-EC-EO-EC) and one with eyes-closed (EC-EO-EC-EO). The order of the two sessions
was counterbalanced across participants by group and sex. A video beamer outside the
scanner room projected onto a screen placed in front of the MR table. A mirror mounted
on the head coil enabled participants to see through the bore onto the screen. In the
eyes-open blocks a fixation star was presented on the screen, and at the end an instruction
was given to close the eyes. The instruction to open the eyes after an eyes-closed block was
given by a somatosensory stimulus on the left index finger via a pneumatic device. Short
stimulation pulses were given already prior to scanning, to prevent subjects from any
knee-jerk movements. Participants were instructed to follow the eyes-open/eyes-closed
instruction, relax and refrain from any movements. For increased comfort, participants
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were fitted with a custom made felt cushion filling the space between the electrodes at
the back of the head. The head was immobilized using foam pads and participants were
provided with earplugs. Participants were personally checked after each scan session for
electrode heating, tiredness or any indisposition.
Data acquisition
The EEG was recorded inside the scanner using 5 kHz sampling rate, 32 mV input
range, 0.1 - 250 Hz bandpass filters, and data transmission from two MR-compatible
BrainAmp amplifiers (Brain Products, Gilching, Germany) via optic fibers outside the
scanner room. Sixty scalp electrodes were recorded using MR-compatible caps (easycap,
Munich, Germany) with twisted and fixed electrode cables in three different editions to
account for different head sizes of the participants. All electrode positions of the 10-20
system plus the following 10-10 system sites were used: FPz, AFz FCz, CPz, POz, Oz,
Iz, F5/6, FC1/2/3/4/5/6, FT7/8/9/10, C1/2/5/6, CP1/2/3/4/5/6, TP7/8/9/10, P5/6,
PO1/2/9/10, OI1/2). O1/2 and FP1/2 were placed 2 cm laterally from the standard
positions for more even coverage (Brem et al., 2010; Maurer et al., 2007). F1 served as
recording reference, F2 was the ground electrode. Two additional electrodes were placed
below the outer canthus of each eye and two further electrodes right to the sternum and
on the left chest close to the heart to record the electrocardiogram (ECG). Electrode
impedances were kept below 20 kΩ. The EEG was monitored while scanning using
online correction software (RecView Brain Products, Gilching, Germany) and checked
for signal quality and eyes-open/close transitions. FMRI data were acquired on a 3.0
T (GE Healthcare, Milwaukee, WI, USA) whole-body scanner using a standard head
coil. Prior to fMRI acquisition a shimming procedure was used to minimize susceptibility
distortions due to local static magnetic field inhomogeneities. Functional MR data
were acquired with T2*-sensitive multi-slice echo planar imaging (EPI) sequence (TR
= 1.815 s; TE = 32 ms; FOV = 22 cm; image matrix = 64 x 64; voxel size = 3.44 x
3.44 x 3.8 mm3; flip angle = 75◦, 33 axial slices covering the whole brain). One session
consisted of 336 volumes. The first 6 volumes were excluded to avoid magnetic saturation
effects.
EEG processing and analysis
Brain Vision Analyzer software (version 1.05, Brain Products, Gilching, Germany) served
for offline processing of the EEG. MR-gradient artifacts were removed by average artifact
subtraction (Allen et al., 2000; Allen et al., 1998) as implemented in the software (sliding
average over 50 TRs, down sampled to 500 Hz and lowpass filtered at 70 Hz cutoff). To
eliminate the ballistocardiogram artifact (BCG) a very similar subtraction procedure
was used, with artifact window aligned on QRS complexes detected in ECG traces,
templates based on 10 consecutive pulse intervals, and individually estimated time delay
for subtraction based on global field power (GFP) distribution (CBC Parameters, Version
1.1). Subsequently, ECG channels were discarded from further analysis (QRS markers
were kept). Data was digitally bandpass filtered (0.5 - 70 Hz, 24 dB/oct and 50 Hz
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Fig. 1.1 Adolescence is characterized by increased low frequency EEG amplitudes. Group mean of global
spectral power (GSP) for adults (colored spectra) and adolescents (red line) separate for eyes-open (left) and
eyes-closed (right) condition. Lower panels: t-values of the group contrast. Dashed line: level of significance
(t(34) = 1.69, p < 0.05, one-tailed, uncorrected for multiple comparison).
Notch) and downsampled to 256 Hz. An infomax ICA (Delorme and Makeig, 2004) was
calculated on the concatenated data sets of the two sessions. Movement-related artifacts
which may not be suitable for ICA correction were excluded from the unmixing procedure.
Components were profiled by their topography, activation time course, spectrogram and
contribution to averaged BCG amplitude. Components clearly assigned to either eye
blinks (Jung et al., 2000), residual gradient artifacts or residual BCG artifacts were
excluded from the back projection. The EEG was then transformed to the average
reference (Lehmann and Skrandies, 1980) and segments with remaining artifacts were
marked and excluded from successive analysis.
EEG regressor construction: First the EEG of each participant was split into the
two separate sessions to evaluate possible session differences, and further divided into
eyes-open and eyes-closed condition. The condition onsets were defined individually
by the exact time of opening and closing the eyes, as indicated by ICA components
activation traces. The data were parsed into contiguous epochs triggered by the scan
starts, resulting in 330 time points per session. The data were further parsed into epochs
of the length of a TR. Absolute spectral power was estimated for each epoch using
Fast Fourier Transformation (FFT, Hanning window: 10 %, zero padded, resolution 0.5
Hz). To estimate the total activity over the scalp, global spectral power (GSP) was
calculated for each frequency point as the root mean square across all FFT-transformed
scalp channels (Jann et al., 2009; Michels et al., 2010). The mean spectral band value
was calculated for delta (1 - 3 Hz), theta (4 - 7.5 Hz), alpha1 (8 - 10 Hz), alpha2 (10 - 13
Hz), beta1 (14 - 19 Hz) and beta2 (20 - 30 Hz). GSP estimates for artifactual segments
(see above) were linearly interpolated. The GSP time series were normalized and thus
recruited for fMRI model specification (see below). Additional regional EEG regressors
were built based on subsets of electrodes in order to account for conventional locally
defined EEG rhythms. For the delta and theta band frontal electrodes AFz, Fz, F3/4
and FCz were used. For alpha1 and alpha2 occipital electrodes O1/2, and for alpha2 and
beta1 central electrodes C3/4 were used.
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The EEG was analyzed in terms of GSP as well as electrode-wise to conserve topographic
information. For each condition separately, spectral power values were averaged across
FFT epochs and averaged within the above frequency bands. Group means were compared
using t-statistics.
FMRI processing and analysis
Preprocessing and statistical analysis of fMRI data was done with SPM5 (Wellcome
Department of Cognitive Neurology, London, UK). The two sessions were preprocessed
separately. Images were realigned to the first scan to correct for head motion, and motion
parameters were later included in the statistical model. No participant needed to be
excluded due to extensive head motions (i.e. motion > 2 mm or > 2◦). To prepare for
group analysis, images were normalized to the Montreal Neurological Institute (MNI)
standard brain, resampled to isotropic 3 mm3 voxels and smoothed with a Gaussian
kernel (isotropic FWHM of 9 mm). A standard HRF was used for convolution of model
regressors. To account for serial correlations, an autoregressive model of the first order
was used. Highpass filtering with standard 128 s cutoff eliminated slow signal drifts. Both
sessions were analyzed separately to test for session differences. If session differences were
not of interest, individual contrast images were calculated from session average. In any
case session specific motion parameters were modeled as confounds.
The fMRI analysis modeled BOLD fluctuation, explained by EEG power fluctuations,
using a general linear model (GLM). Eyes-open and eyes-closed GSP regressors of each
frequency band (see EEG processing above) were used as parametric modulation of the
eyes-open and eyes-closed blocks. The transitions between eyes-open and eyes-closed
blocks were modeled in separate regressors of no interest, since motor activity and strong
visual input is seen here as confounding both EEG and fMRI resting-state signals. In
the main analysis, each frequency band was analyzed in a separate model. In a second
analysis, focusing only on frequency-specific coupling, all frequency bands were entered
into one common GLM. Separate models reveal the complete correlation pattern of a
frequency whereas a common model reveals the partial correlation pattern of a frequency
at the single subject level. By definition, the latter is only a part of the former. A
disadvantage of the common model is that it is blind to the common variance among all
regressors (i.e., their covariance) that will not be attributed to any of the partial collinear
regressors (e.g. general power increase by eyes-closing, stimulation or even during rest).
The common model may increase specificity (Tyvaert et al., 2008) and may therefore be
of much interest, but separate models remain essential to detect less frequency-specific
effects. Individual contrast images were calculated for eyes-open and eyes-closed GSP
modulation regressors and used for random effects analysis. For the main analysis as
well as for the common GLM analysis, a 2 x 2 x 6 analysis of variance (ANOVA) with
factors group (adults, adolescents), condition (eyes-open, eyes-closed) and frequency
(delta, theta, alpha1, alpha2, beta1, beta2) was applied to calculate group statistics.
Because the ANOVA revealed strong main effects of condition and frequency of secondary
interest (see Results section), EEG–BOLD coupling patterns were reported as post-hoc
t-tests (in both directions). Since only condition and frequency specific t-contrasts allow
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Fig. 1.3 Conventional fMRI analysis without EEG regressors. Group means of individual ‘eyes-open > eyes-
closed’ (“open”) and ‘eyes-open < eyes-closed’ (“close”) contrasts are shown at p < 0.05 FWE corrected. Group
difference thresholded at p < 0.001 uncorrected, corrected with minimal cluster size of 25 voxels.
connect to the existing literature on EEG–BOLD coupling, these ANOVA results are
attached in supplementary Fig. 1. 1. The three regional EEG regressors (frontal delta
and theta, occipital alpha1 and alpha2, central alpha2 and beta1) were calculated in
separate random effects analysis.
Conventional fMRI analysis aimed to analyze eyes-open and eyes-closed condition
independent from EEG. The model was identical to the one described above except
no EEG modulation was included. This model was calculated using a 128 s highpass
filter, and in a post-hoc analysis also with a 600 s filter. The first model is analogous
to the EEG-informed models, whereas the second uses the adequate filter length to
retain also the very slow eyes-open/eyes-closed paradigm cycles of 600 s. Random
statistics were calculated based on the individual eyes-open versus eyes-closed contrast
image.
Group mean statistics are reported at the p < 0.05 significance level, controlled for
the family wise error rate (FWE) to account for the problem of multiple comparisons.
For the purpose of interpretation only clusters contain at least 20 significant voxels are
reported. The second analysis using a common model for all frequencies reached less
statistical power and was reported at p < 0.001 corrected for multiple comparisons by
minimal cluster extent of 25 voxels (Forman et al., 1995; Slotnick et al., 2003). Because
group differences did not reach significance at the a priori threshold, results are shown at
an uncorrected voxel-threshold of p < 0.001 (explanation in results and in discussion).
Regions of interest (ROIs) were functionally defined from these group differences to plot
local group mean contrast values.
Results
We did not identify significant differences between the two sessions, neither for EEG,
fMRI, nor EEG–fMRI coupling data. Thus we report on data pooled from both recording
sessions.
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EEG results
Results from both groups replicated the typical resting state EEG characterized by a
sharp alpha peak (around 10 Hz), with occipital topography, which was reduced in
strength with eyes open. T-tests between the two age groups revealed higher power
values for adolescents in lower frequencies (< 10 Hz), as hypothesized (Fig. 1.1 and
1.2). Higher frequencies did not substantially distinguish between the two groups, and
the difference even tended to invert. This held for GSP (Fig. 1.1) as well as for the
power maps (Fig. 1.2), while the effect was equivalent in both eyes-open and eyes-closed
condition.
FMRI results
Conventional fMRI results during eyes-open indicated that the thalamus, visual cortex
and frontal eye fields were activated (Fig. 1.3). The adolescent group showed very similar
activation within the visual system. During eyes-closed no regions of increased activation
were found. Comparing the two groups, some regions were more activated in adults but
none were more activated in adolescents. Interestingly, recalculating this analysis using a
600 s highpass filter to accommodate also very slow sustained BOLD effects turned out
to yield very similar activations.
EEG–BOLD correlation results
The ANOVA results (supplementary Fig. 1.1) indicated strong and wide-spread main
effects of condition and frequency. Therefore t-contrasts by frequency and condition
are reported to specify these global effects and relate them to the existing literature
on EEG–BOLD coupling. The main effect of group was small compared to the effects
of the other factors. The group differences were restricted to visual areas peaking at
[18, -84, 15] xyz MNI-coordinate. This difference arose mainly from the eyes-open beta1
band as clarified by t-contrasts with a local maximum in the same region (Fig. 1.4)
and region of interest (ROI) analysis (Fig. 1.6), both described below. Interactions
did not reach significance at the a priori statistical threshold (except for a few isolated
voxels).
Patterns of EEG–BOLD coupling differed between frequencies, conditions and groups
(Fig. 1.4 and Fig. 1.5). In all frequency bands, negative correlations were more prominent
than positive ones. During eyes-open, more frequency bands showed BOLD correlates
than during eyes-closed (Table 1.1).
During eyes-open delta band power correlated negatively with the BOLD signal in
the adolescent group in the right inferior parietal lobe. Theta power was negatively
correlated with left inferior parietal lobe BOLD in both groups. In adults, theta power
and BOLD was also coupled in the right inferior parietal lobe and superior and middle
frontal gyrus, both of which are commonly associated with the DMN (see also Fig.
1.6). Both alpha bands are associated to similar brain regions in occipital, parietal and
frontal lobes. Beta1 power revealed a very distinct coupling pattern in both groups
10
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in parietal and frontal cortices commonly associated as attention network (Fox et al.,
2005).
During eyes-closed the alpha2 band was linked to a thalamocortical pattern in adults
and adolescents. Group differences were not significant, but for adolescents alone, the
positive correlation with the thalamus did not survive the strict statistical threshold.
This correlation is displayed in more detail in Fig. 1.6. The beta1 and alpha2 bands
elicited similar coupling, as the thalamus was again positively correlated in adults and
the broad negative correlations were already present in adolescents.
The direct group comparison using a two-sample t-test did not reveal any group
differences at the a priori threshold. When lowering the statistical threshold, differ-
ences first appeared in eyes-open alpha2 and beta bands and eyes-closed beta2 at p <
0.001 uncorrected for multiple comparisons, as shown in Fig. 1.4 and 2.5. For these
effects, the directions of the EEG–BOLD correlation of both groups are shown in Fig.
1.7.
EEG–BOLD correlations with all frequencies in one common model are shown in
supplementary Fig. 1.2 and 2.3. In the ANOVA, the main effects were significant only
for factor frequency. Group by frequency interaction reached significance in a few left
temporal and right parietal/superior temporal and lateral prefrontal clusters. Condition
and frequency interacted in the thalamus, along the precentral and medial frontal gyri,
in the parahippocampal gyrus and in the precuneus. Compared to separate GLMs, the
common model produced a frequency main effect that was similarly distributed but more
diffuse. It eliminated the main effects of group and condition as well as the group by
condition interaction, but yielded more group x frequency interactions and differently
distributed condition by frequency interactions.
Post-hoc t-tests of the common model correlations yielded only few correlations if
corrected by FWE method and were displayed at a more lenient threshold (supplementary
Fig. 1.3). Low frequencies delta and theta showed partially similar patterns in both
conditions, including positively correlated occipital cortex/precuneus, pre- and postcentral
gyri, anterior cingulate cortex and temporal and frontal lobe regions along the Sylvian
fissure and negatively correlated clusters in DMN-associated areas including medial
prefrontal cortex, posterior cingulated cortex and inferior parietal lobe. During eyes-open
predominantly negative correlations were found in occipital cortex/precuneus for alpha2
and in attention-control-network-related areas in lateral parietal/frontal lobes in beta1.
During eyes-closed, positive thalamic correlations reached significance in beta1 in adults
and adolescents and in beta2 in adults. Negative eyes-closed correlations appeared in
alpha2, beta1 and beta2 in occipital, parietal, temporal or pre-/postcentral regions,
together reflecting the formerly established thalamocortical pattern. All three higher
frequencies accounted partially for this pattern but the frequency specificity appeared not
robust when comparing the two groups. Compared to separate GLMs, the common model
demonstrated less overall statistical power. The low frequency delta and theta negative
DMN association did not change between the two analyses. In contrast, broad positive
correlations appeared in these frequencies in regions similar to the negative correlated
part of the thalamocortical pattern. This low frequency pattern was specific to both delta
11
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and theta bands, appeared quite robust between adults and adolescents and sustained the
alternating conditions. The former redundancy between eyes-open alpha1, alpha2 and
beta1 was eliminated in the common model attributing occipital correlations specifically
to alpha2 and the attention-control network correlations specifically to beta1. Compared
to separate GLMs, the eyes-closed thalamocortical pattern was split up the between all
three upper frequency bands by the partial correlation approach. Group differences did
not reach significance in this analysis, except for a small cluster in eyes-open alpha1 in
right cingulated at [18, -45, 24] peak xyz MNI-coordinate and eyes-closed delta in right
inferior parietal lobe at [57, -54, 36] that did not spatially overlap with the correlation
pattern of the corresponding frequency.
Discussion
Characteristic maturational EEG amplitude reduction of low-frequency oscillations were
found after age 15, although this effect was less prominent in absolute terms than the de-
creases reported during infancy, childhood and early adolescence. Unlike studies focusing
on adolescents of a similar mean age but including younger, pre-adolescent participants
driving the decrease (Gasser et al., 1988; Whitford et al., 2007), we directly compared
groups of older adolescents and young adults. Although, based on the literature, only
subtle spectral EEG differences could be expected between these groups, we still found
substantial reduction of low-frequency EEG amplitudes at this late stage of brain matu-
ration. Despite this EEG age effect, both groups revealed the typical resting state EEG
characteristics of strong posterior alpha oscillations with eyes-closed. For theta, a frontal
component could also be distinguished. The developmental low frequency power reduc-
tions tended to be similar across scalp regions (Fig. 1.2., see also Whitford et al. 2007).
Therefore the global GSP measure seems to appropriately summarize (post-)adolescent
EEG maturation in one comprehensive measure (Fig. 1.1).
The conventional fMRI results (independent of EEG activity) revealed no such age
related group differences (Fig. 1.3). During eyes-open, the visual pathway including
thalamus, geniculate laterale nuclei and visual cortex together with frontal eye fields were
activated in both groups. These activations can be expected since open eyes produce a
stimulation of the visual system which is not the case if the eyes are closed. Furthermore
the result is in line with other fMRI studies contrasting eyes-open and eyes-closed states
(Marx et al., 2004; Marx et al., 2003). The eyes-closed condition did not elicit any
regions of greater activation. Although the standard highpass filter eliminated sustained
paradigm induced variance, the reanalysis using less filtering (not shown) did not affect
the results. Hence BOLD signal fluctuations responsible for the condition difference
mainly consist of faster fluctuations than those sustained over the full eyes-open or
eyes-closed periods (300 s each). While the fMRI indicated increased activity during
eyes-open, the EEG activity in contrast (in particular within alpha band, consistent
with the classical observation of Berger, 1929) was increased during eyes-closed. This
result is in line with other observations that synchronization of background EEG is often
correlated with states of lower arousal or suppression of brain areas (Barry et al., 2007;
14
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Discussion
Pfurtscheller, 2001), and illustrates the inverse relationship between lower frequency EEG
and fMRI.
The EEG–BOLD correlation results of adults correspond well to the existing literature.
Many core findings of previous studies were found replicated: (i) EEG power correlations
with the BOLD signal were predominantly negative (de Munck et al., 2007; Feige et al.,
2005; Goldman et al., 2002; Laufs et al., 2003a; Moosmann et al., 2003; Ritter et al., 2009;
Tyvaert et al., 2008). This inverse relationship is in contrast to studies that find local field
potentials (LFP) positively associated with the BOLD signal (Logothetis et al., 2001; Nir
et al., 2007; Viswanathan and Freeman, 2007). A possible explanation is that in contrast
to LFP at least some EEG rhythms reflect a local deactivation of brain functioning
through phasing neuron populations (Pfurtscheller, 2001). (ii) During eyes-open the
DMN was anticorrelated with theta power. The adult pattern found here overlaps with
previous work in several regions, including right middle temporal gyri, bilaterally inferior
parietal lobule and bilaterally inferior frontal gyri (Scheeringa et al., 2008). Scheeringa
and colleagues used a spatially constrained theta power represented by a single ICA
component. In contrast GSP as used in this study includes signals from all scalp sites
without weighting by statistical independence (Jann et al., 2009; Michels et al., 2010).
Accordingly our coupling pattern can be interpreted as the global features of theta EEG
power. This correlation is displayed in more detail in Fig. 1.6. (iii) During eyes-closed
alpha power was negatively correlated in occipital and parietal cortices and positively
correlated with the thalamus (de Munck et al., 2007; Difrancesco et al., 2008; Feige et al.,
2005; Goldman et al., 2002; Goncalves et al., 2006; Moosmann et al., 2003; Tyvaert et
al., 2008). It has been suggested that posterior alpha power represents down-regulation
of the primary visual system during eyes-closed with the thalamus partly driving this
process (de Munck et al., 2007; Feige et al., 2005; Goldman et al., 2002). However some
alpha-BOLD correlation studies could not reveal a positive correlation of the thalamus
(Jann et al., 2009; Laufs et al., 2003a). This inconsistency may be explained by the
typical large variability of the EEG between individuals (Goncalves et al., 2006). The
correlation pattern in our data extended from occipital to pericentral regions, and the
thalamocortical pattern extended to the beta1 band. Positive thalamic BOLD correlation
in beta band was reported before (de Munck et al., 2009; Moosmann et al., 2003). One
reason for this robust pattern may be the inclusion of “rolandic” alpha (Gastaut, 1952;
Salmelin and Hari, 1994) and beta (Pfurtscheller, 1981; Salmelin and Hari, 1994) rhythms
in GSP. Similar to visual-related posterior alpha, these rhythms which relate to the
thalamocortical regulation of motor and somatosensory systems were also found inversely
correlated to the BOLD signal (Ritter et al., 2009). During eyes-closed, alpha2 and
beta1 were the only frequencies correlated with the BOLD signal. To also account for
specific, well defined local EEG rhythms (frontal midline theta, occipital alpha, central
alpha and beta), separate analyses were carried out, based on regional sets of electrodes
(supplementary Fig. 1.4 and 1.5). The correlation pattern from these local rhythms
overlapped to a high degree with the GSP correlation pattern, but tended to be weaker
than the latter.
Including both common variants of the resting state paradigm – eyes-open and eyes-
16
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Fig. 1.7 Contrast estimates in regions of interest (ROI) defined by significant group differences as shown in
Fig. 1.4 and Fig. 1.5 for eyes-open alpha2, beta1, beta2 and eyes-closed beta2. The ROI’s center is given in
xyz-coordinates in the panel titles. In the first two panels adolescents have stronger negative EEG-BOLD coupling
than adults. In the latter two panels, adolescents have positive but adults have negative coupling.
closed – as well as all major EEG frequency bands, we were able to draw a more
comprehensive picture of resting state EEG–BOLD coupling than reported so far. This is
important because the two resting conditions do differ substantially in both EEG (Barry
et al., 2007; Berger, 1929 ) and fMRI (Bianciardi et al., 2009; Marx et al., 2004; Marx
et al., 2003). Indeed our results were highly condition and partly frequency specific.
Interestingly, the eyes-open condition – although somewhat neglected by researchers so far
– elicited even more robust EEG–BOLD coupling patterns than the eyes-closed condition.
During eyes-open the two alpha bands elicited similar correlations in parietal and frontal
lobes. In contrast, during eyes-closed, splitting the alpha band elicited strikingly different
results. A conspicuous pattern during eyes-open in the beta1 frequency range was robustly
found in both groups. Beta1 GSP correlated negatively in extended bilateral parietal
and frontal lobe regions forming the attention network (Fox et al., 2005). Overall we
found four main EEG–BOLD coupling patterns in our eyes-open/eyes-closed resting state
paradigm, corresponding to (i) the DMN; (ii) occipital cortex; (iii) the attention network;
and (iv) a thalamocortical network. Our EEG–BOLD coupling pattern proved robust
when based on random effects analysis corrected for multiple comparisons, allowing for
reliable generalization to the population level. This contrasts with previous reports of
EEG–BOLD coupling where a lack of significant results in random effect analyses was
attributed to substantial inter-subject variability of EEG data (Goncalves et al., 2006;
Laufs et al., 2006).
We also included an alternative EEG–BOLD coupling analysis to disentangle frequency
specific effects. To this end we performed an additional common GLM analysis with
all frequency bands entered simultaneously. This ANOVA based on the common model
supported our conclusion regarding frequency specific coupling, as the main effect of
frequency resembled the one obtained using separate GLMs. The common model analysis
eliminated the main effects of group and condition. Consistent with its selective sensitivity
to frequency specific effects, some of the condition effects in the separate models analysis
appeared as condition by frequency interactions in the common model. The band-
wise t-statistics revealed lower overall statistical power in the common model than in
separate models. This probably reflects the loss of common variance across frequencies.
The common model produced far more positive correlations, particularly in the low
frequencies, which can be interpreted as relative rather than absolute increases in coupling.
17
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Further, the common GLM confirmed that the DMN is coupled to both, theta and delta
independently, leading to the conclusion that DMN is coupled to low frequency EEG in
general. This DMN-low frequency coupling appeared to be the most general EEG–fMRI
resting state feature as it occurred independently of condition. The attention-control
network related negative correlation during eyes-open was specific for the beta1 band.
The common model produced some similarities with the separate models for the alpha
and beta bands. However, the positive alpha-BOLD correlation in the thalamus during
eyes closed - a landmark EEG–BOLD correlation - was eliminated by the common model.
This suggests that the thalamic correlation was partly shared with other frequencies and
therefore no longer attributed to alpha2 in the common GLM. Positive thalamic beta
correlations were replicated in the common model, suggesting that thalamocortical beta
coupling is more frequency specific. Positive thalamic BOLD correlation in beta band
was reported before (de Munck et al., 2009; Moosmann et al., 2003). In the common
GLM, all higher frequencies became partly sensitive to the negative correlation of the
thalamocortical pattern but these correlations appeared not very robust across the two
groups. Group differences of the common model analysis were even fewer and appeared
in different frequencies than in the separate models analysis. Interestingly, eyes-closed
delta was less negative coupled in adults than in adolescents in a small cluster associated
with the negatively correlated DMN. This effect was model dependent as it was not
evident in separate frequency correlations (next paragraph). Hence it is questionable if
this small difference manifests a direct correspondence to the absolute power difference
emerging in EEG maturation.
No study so far investigated EEG–BOLD coupling from a developmental perspective
in general, or for late maturation in particular. Motivated by the late neurodevelop-
mental effect of decreasing slow oscillatory power, the primary goal was to investigate
corresponding effects in the EEG–BOLD coupling. However, adults and adolescents did
not differ in EEG–BOLD correlation in any frequency band. Accordingly, the mean
coupling patterns of adults and adolescents overlapped to a high degree. Because of the
centrality of this question, we explored trends for corresponding developmental differences
of EEG–BOLD coupling using a lenient statistical thresholding (p < 0.001, uncorrected
for multiple comparisons). Although these trends must be interpreted with caution,
adolescents tended towards slightly stronger coupling of occipital regions with the alpha2
and beta1 bands (Fig. 1.4 and 1.5). This trend for stronger coupling parallels a more
pronounced occipital EEG topography in these frequency bands in adolescents. However,
these subthreshold effects emerged at higher frequencies, and therefore are likely to
be unrelated to the significant power decrease during and after late adolescence in low
frequencies. This observation held even if thresholded more liberally (i.e. p < 0.005
uncorrected, not shown), and even for the frequency specific supplementary analysis.
Similarly none of the local EEG rhythms differed in their BOLD correlation pattern
between adults and adolescents at the strict statistical threshold (supplementary Fig. 1.4
and 1.5). A minor trend emerged, but again not in the delta and theta bands, and thus
not corresponding to the EEG maturation effects. Interestingly however, adolescents
tended to have stronger (negative) correlation in post the central sulcus region for the
18
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Table. 1.1 Anatomical regions corresponding to the significant main results in Fig. 1.4 and Fig. 1.5. Listed
are cluster size, coordinates in MNI space, peak t-value, corresponding anatomical region and Brodmann Area.
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central beta1 rhythm (eyes-closed) than adults. We conclude that, in contrast to the
developmental decrease of low frequency EEG activity, the frequency specific EEG–BOLD
correlations do not change substantially at this late stage of brain maturation. Contrary
to our initial hypothesis that a distinct network reflects late immaturity, but consistent
with the simpler scaling hypothesis, the EEG–BOLD correlation pattern between the two
signals remains largely the same despite changing magnitude of the low frequency EEG
signal. This result indicates that the correlation pattern of EEG and fMRI signals mature
earlier than the EEG amplitudes. In order to test whether the subthreshold coupling
differences between adolescents and adults reflect genuine but asymptotic developmental
effects, it will be necessary to contrast these data to data from younger children. However,
the fact that the EEG–BOLD coupling does not mirror the neurodevelopmental process
captured by the EEG, suggests that the two domains capture partly different aspects of
brain functioning (Laufs, 2008).
The predominantly inverse relationships between EEG and fMRI signals in our data
using the separate model may suggest that synchronized neuronal activity, at least for
the lower frequency range up to the alpha band, is related to states of lower arousal,
lower neural activity, and lower metabolic consumption: (i) EEG power fluctuations are
negative correlated to the BOLD signal; (ii) EEG power is increased during eyes-closed
whereas the BOLD signal is increased during eyes-open; (iii) EEG power mainly decreases
with brain development, whereas the conventional fMRI analysis rather indicates an
increasing trend with brain development.
Conclusion
In this study we investigated spectral EEG power changes between adolescence and
adulthood for corresponding differences in the BOLD signal using simultaneously recorded
fMRI during rest with eyes-open and eyes-closed periods. First, low-frequency EEG
power continued to decrease beyond mid-adolescence. Second, similar robust EEG–BOLD
coupling pattern was identified in adults and adolescents. Power in most EEG bands
correlated negatively with the BOLD signal in areas of DMN and attention network
during eyes-open, and in a thalamocortical network during eyes-closed. However, no
robust changes in EEG–BOLD coupling corresponding to the decrease in low-frequency
EEG power were identified. Our results indicate that the most prominent changes in EEG
amplitudes are independent of the correlation with the BOLD signal during late matura-
tion. To clarify at which developmental stage the mature pattern of EEG–BOLD coupling
at rest emerges, future work needs to include younger participants.
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Supplementary material
Suplementary Fig. 1.1 ANOVA results of the separate models analysis with main effects and interactions of
the Group (adults, adolescents) x Condition (eyes-open, eyes-closed) x Frequency (delta, theta, alpha1, alpha2,
beta1, beta2). Main effects are thresholded at p < 0.05, FWE corrected. Interactions did not survive FWE
correction and are shown at p < 0.001, uncorrected (k = 0).
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Suplementary Fig. 1.2 ANOVA results for common model analysis with main effects and interactions of the
Group (adults, adolescents) x Condition (eyes-open, eyes-closed) x Frequency (delta, theta, alpha1, alpha2, beta1,
beta2). Main effects are thresholded at p < 0.05, FWE corrected. Interactions did not survive FWE correction
and are shown at p < 0.001, uncorrected (k = 0).
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